ABSTRACT Fluid mechanical steady-state laminar wall shear stresses of 30 dyne/cm2 (high stress) and less than 1 dyne/cm2 (low stress) have been applied for varying times to confluent cultures of bovine aortic endothelial cells (BAECs) by means of two parallel plate channel flow chambers in series. BAEC cultures not exposed to shear or flow (no stress) were also studied. A shear stress of 30 dyne/cm2 resulted in cellular elongation and alignment, changes that were largely complete by 24 
exposed to shear stress for 24 hr in the presence of a lipoprotein-deficient circulating medium to maximize LDL receptor expression. Receptor-mediated 12 I-LDL internalization and degradation measured immediately after shear stress were both significantly enhanced (p < .01) in BAECs exposed to high stress. Furthermore, 125I-LDL binding studies at 4°C revealed a significant increase (p < .01) in specific 125I-LDL binding to BAECs exposed to high stress relative to those exposed to low or no stress. Nonspecific 125I-LDL endocytosis was not influenced by shear stress levels. High stress did not influence the incorporation of 3H-thymidine into BAEC DNA, indicating that the observed increase in LDL endocytosis was not dependent on an increase in cellular replication. The influence of high stress on LDL receptor expression and function suggests that the LDL receptor pathway is influenced by factors other than the cellular availability of exogenous cholesterol, in particular the recognition by BAECs of fluid mechanical signals and their transduction within the cell or on the cell surface. Our findings provide one potential mechanism through which hemodynamic shear stress might participate in cellular cholesterol homeostasis as well as atherogenesis. Circulation 76, No. 3, 648-656, 1987. RESEARCH INTEREST is focusing increasingly on the roles of various modalities of hemodynamic stress in the etiology and pathogenesis of atherosclerosis. Localized fluid dynamic stresses associated with specific vascular geometries such as arterial curvatures, flow dividers, or branching sites may contribute to the unique focal topography of the atheromatous plaque LABORATORY INVESTIGATION-ATHEROGENESIS Methods BAEC culture. BAECs were isolated from aortas obtained from a local slaughterhouse. The cell isolation procedures were based on methods described by Schwartz.19 Briefly, the excised aortas were rinsed with Dulbecco's phosphate-buffered saline (PBS) containing penicillin (360 U/ml), streptomycin (360 gg/ml), and fungizone (7.5 ,ug/ml). After dissection under sterile conditions and ligation of all branches, the aortas were rinsed via a cannula with Hank's balanced salt solution (HBSS) with Ca ++ and Mg +'+ and then filled to slight distension with collagenase (1 mg/ml PBS, Type I, Worthington, Bedford, MA) at 370 C. After a 15 min incubation at 370 C, the incubation medium containing the dispersed BAEC was collected. Each aorta was subsequently rinsed with M199 (GIBCO, Grand Island, NY) containing 10% fetal calf serum (FCS, KC Biologicals, Lenexa, KS) to remove residual BAECs, and the resulting media were pooled and centrifuged at 200 g for 5 min; the BAEC pellet was then resuspended in M199-10% FCS for plating at a density of 104 cells/cm2. The BAECs were maintained in M199-10% FCS, serially passaged when confluent with 0.25% trypsin, and used between passages 1 and 20. For the shear experiments in this report, BAECs were plated on 13 mm Thermanox plastic coverslips (Lux, Miles Scientific, Naperville, IL) in 24 well tissue culture cluster dishes (Costar, Cambridge, MA) and were used within 1 day after attaining confluence. The quality of representative BAEC cultures was monitored by their light microscopic appearance, the presence of factor VIII antigen, and ultrastructural characteristics.
Isolation 125I-LDL endocytosis measurements. Details of procedures to quantitate 125I-LDL binding, internalization, and degradation have been reported previously by Goldstein et al.23 In the first series of experiments 125I-LDL internalization was assessed in BAEC cultures exposed to 10 p.g 125I-LDL/ml circulating medium (M199-20% FCS) at 370 C for 2 or 24 hr during shear stress periods. The concentration of LDL in this medium ranged from 20 to 30 ,ug/ml, which exceeds the concentration required to saturate BAEC receptors and is sufficient to downregulate BAEC LDL receptor expression.24 Exposure of BAECs to circulatling radiolabeled LDL under shear stress conditions was initiated either simultaneously with the induction of shear stress (concurrent shear stress studies) or after 24 hr of prior exposure to shear stress (prestress studies). The BAECs were contained within two parallel-plate channel flow chambers in series so that one set was exposed to high wall shear stress (30 dyne/cm2) and the other set was exposed to low wall shear stress (< 1 dyne/cm2).
After exposure to shear stress, the BAEC-containing coverslips were removed and placed in a 16 mm well of a multiwell culture dish containing 2% bovine serum albumin (BSA, Sigma Chemical Co., St. Louis) in PBS at 40 C for rinsing. The BAECs were rinsed a total of five times, the final two rinses of 10 min duration, with 2% BSA, followed by one rinse with ice-cold PBS, and the surface bound 125I-LDL was removed by incubating the BAECs with 0.5 ml of heparin (grade II, Sigma, 10 mg/ml PBS) for 60 min.25 The heparin incubation fluid was collected and pooled with three 0.5 ml PBS rinses at 40 C and counted for radioactivity in a Beckman Model 310 gamma spectrometer as a measure of 125I-LDL bound to the cell surface.
The remaining BAECs were finally solubilized with 0. IN NaOH and the lysate combined with three PBS washes of the coverslip and counted as above as a measure of internalized 125I-LDL.
Because 125I-LDL binding to the cell surface does not attain equilibrium at 370 C, only the 1251-LDL internalization measurements were analyzed.
The second set of experiments was designed to assess LDL receptor status after BAEC exposure to shear stress. In this case, the circulating medium consisted of M199-20% LDS. In addition to exposure of BAEC to high-and low-stress conditions, a third set of BAECs was incubated under static conditions in a humidified CO2 incubator at 370 C in the same medium as contained within the circulating shear stress apparatus. The third BAEC set was denoted as no shear stress. To measure receptormediated postshear 1251-LDL internalization and degradation, BAEC cultures upregulated under shear conditions were removed at the end of the shear stress period and incubated immediately with 10 ,ug 125-LDL/ml 10% LDS in M199 for 2 hr at 370 C in the presence or absence of a 50-fold excess of unlabeled LDL. At completion of the incubations, 0.5 ml of the incubation medium was removed and treated with TCA at a final concentration of 10% (w/v). After centrifugation (Microfuge, 12,000 rpm, 2 min), the supernatant was removed and treated with 5% AgNO3 (w/v) as described by Henriksen et BAEC replication: 3H-thymidine incorporation. The influence of both high shear stress (30 dyne/cm2) and low shear stress (< 1 dyne/cm2) on total 3H-thymidine incorporation into BAECs was studied. Additional controls consisted of quiescent human skin fibroblast cultures with and without the addition of FCS and static BAEC cultures not exposed to shear or flow. After 24 hr of exposure to high or low shear, or simultaneous maintenance in static culture, the coverslips with BAEC or fibroblasts were placed in 24 well cluster culture dishes containing 0.5 ml of medium (20% LDS in Ham's F-12) with 2 ,uCi 3H-thymidine (53 Ci/mmol; ICN, Irvine, CA). After a 2 hr incubation at 370 C, the medium was removed, the cultures were rinsed twice with HBSS-0.05% EDTA, and the cells were removed by trypsinization (0.5 ml of 0.25% trypsin with 0.5% EDTA) for 5 min at 370 C. Duplicate aliquots (0.2 ml) were removed for cell counts, and duplicate 0.2 ml aliquots were placed in microfuge tubes, to which was added 0.5 ml of 5% TCA (w/v). After 5 min in an ice bath, the cell suspensions were centrifuged, the supernatants discarded, and the cell pellets resuspended. The TCA treatment was repeated, and the cell pellets were dissolved in 0. BAEC shape and orientation. Quantitative studies of the elongation and orientation of BAECs exposed to a steady laminar shear stress were conducted at the University of Houston.27 Photomicrographs of some 100 to 200endothelial cells from each coverslip exposed to a laminar steady-state shear stress for periods ranging from 0.5 to 24 hr were analyzed by digitization using a Videoplan image analyzer (Carl Zeiss, Inc.). Computer analysis was used to determine the angle oforientation in relation to direction of flow and the shape index of cells (47r Area/perimeter2). The shape index is a geometric parameter used to define the degree of elongation of a cell. It is defined in such a manner that a cell in the shape of a circle would have a shape index of 1.0, a square an index of 0.8, and a straight line an index of 0.0. The latter represents a limiting case of cell elongation.
Thus, the more elongated the cell, the smaller the shape index.
M [ 1 t -- ing shear stress after shear stress-induced changes in cell shape and orientation were largely complete. BAEC cultures were exposed to a wall shear stress of 30 and less than 1 dyne/cm2 for 24 hr, after which the 125I-LDL was added to the perfusate as described above, and the shear stress continued for 2 and 24 hr, respectively, when 1251-LDL internalization was measured as described. Eight high-and low-stress experiments were performed in duplicate, and the results are illustrated in figure 4 and detailed in Influence of wall shear stress on receptor-mediated 1251-LDL internalization and degradation. Based on our findings that 125I-LDL internalization was increased in BAECs exposed to high wall shear stress, a series of experiments was performed to determine whether this enhanced LDL internalization might be mediated via an influence of shear stress on the LDL receptor. Accordingly, confluent BAECs on coverslips were exposed to high, low, or no shear stress for 24 hr in the presence of circulating medium containing 20% LDS to maximize LDL receptor expression. At the end of the shear stress period, the cells were removed and LDL receptor status was assessed by incubating the cells with 1251_ LDL at 370 C for 2 hr to measure both receptor-and nonreceptor-mediated 125I-LDL internalization and degradation. Specific or receptor-mediated internalization and degradation were determined as the difference measured in the presence and absence of an excess of unlabeled LDL.
Receptor-mediated internalization of 125I-LDL measured immediately after removal of coverslips from shear stress conditions was significantly enhanced in BAECs exposed to high stress compared with those exposed to no shear (figure 5 not influenced by exposure to shear stress (figure 7).
Influence of steady-state on endothelial cell replication.
As described in methods, confluent BAEC cultures were exposed to high, low, or no shear stress for 24 hr after which they were incubated for 2 hr with 2 ,uCi of 3H-thymidine. 
Discussion
The studies described in this report have established for the first time that a laminar steady-state fluid mechanical wall shear stress within the biologically relevant range (i.e., 30 dyne/cm2), enhances significantly the binding, internalization, and degradation of LDL by confluent BAEC cultures. Furthermore, this high wall shear effect reflects an enhancement of the receptor-mediated component of LDL-binding, internalization, and degradation. Quite apart from the potential significance of this wall shear stress effect in the atherogenic process, our findings raise some intriguing biological questions. In particular, how is a fluid mechanical signal such as wall shear stress recognized by the endothelial cell? Furthermore, how is such a signal transduced within the cell or on its surface to regulate changes not only in cell shape and orientation but also in LDL endocytosis, including LDL receptor expression?
In the present series of experiments, we have observed that confluent BAEC cultures exposed to a wall shear stress of 30 dyne/cm2 exhibit changes both in cellular shape and orientation that reflect the direction of shear stress and that are complete within 24 hr ( figure 3 ). This influence of high shear stress with laminar flow on the geometry and orientation of con-654 fluent BAEC cultures is consistent with the alignment noted by others.27' 28 It is clear from figure 4 pling), enhanced receptor affinity, or an accelerated recycling of receptors to the plasmalemmal membrane. These possibilities are presently being explored. It is clearly of importance to understand how a fluid mechanical shear stress signal is translated to the heightened LDL receptor expression and function we have observed. In particular, it would appeat that factors other than the availability of exogenous cholesterol16' 17 Finally, the response of LDL receptor-mediated endocytosis to hemodynamic forces provides a basis for future investigations not only into the regulation of LDL endocytosis but also into regulation of other receptor-mediated processes involved in endothelial cell biology.
